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pling (J12) and reduce tent. We estimate that in the
absence of other losses, if an electrostatic coupler
were used, a Bell state with fidelity exceeding
90% could be produced. Other improvements can
be made by studying the origins and properties of
the charge noise that dephases the qubit and
mitigating its adverse effects in order to increase
T2echo. This would allow future tests of complex
quantum operations, including quantum algorithms
and quantum error correction. Finally, the addition
of electrostatic couplers would allow the qubits to
be spacially separated and is a path toward implementing surface codes for quantum computation.
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Topological Transitions in Metamaterials
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Light-matter interactions can be controlled by manipulating the photonic environment. We
uncovered an optical topological transition in strongly anisotropic metamaterials that results in
a dramatic increase in the photon density of states—an effect that can be used to engineer this
interaction. We describe a transition in the topology of the iso-frequency surface from a closed
ellipsoid to an open hyperboloid by use of artificially nanostructured metamaterials. We show that
this topological transition manifests itself in increased rates of spontaneous emission of emitters
positioned near the metamaterial. Altering the topology of the iso-frequency surface by using
metamaterials provides a fundamentally new route to manipulating light-matter interactions.
etamaterials are artificial media in
which the subwavelength features of
the designed unit cells and coupling
between them governs the macroscopic electro-
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magnetic properties (1). This control over material parameters has led to new applications (2–4)
and also the ability to mimic and study physical
processes, which is difficult by other methods
(5–7). One specific design freedom afforded by
metamaterials is the control over the iso-frequency
surface, the surface of allowed wavevectors at
constant frequency (8, 9). The topology of this
surface governs wave dynamics inside a medium.
The ideas of mathematical topology play an
important role in many aspects of modern physics, from phase transitions to field theory to nonlinear dynamics (10, 11). An important example
of this is the Lifshitz transition (12), in which the
transformation of the Fermi surface of a metal
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from a closed to an open geometry (because of,
for example, external pressure) leads to a dramatic effect on the electron magneto-transport
(13). In optics, the role of the Fermi surface is
played by the optical iso-frequency surface
→
wðk Þ ¼ const, which can be engineered by tai↔ →
loring the dielectric tensor, e ð r Þ. We use this to
demonstrate the optical equivalent of the “Lifshitz
transition”—the optical topological transition (OTT)
in which the very nature of the electromagnetic
radiation in the metamaterial undergoes a drastic
change. Effects on the kinetic and thermodynamic
properties, such as the dynamics of propagating
waves supported by the system and the electromagnetic energy density, respectively, are modified at the transition point and can be probed by
following the light-metamaterial interaction using
a quantum emitter.
We considered a metamaterial structure that
↔ →
has a uniaxial form of the dielectric tensor e ð r Þ ¼
diagðexx , eyy , ezz Þ, where exx ¼ eyy ¼ e∥ and ezz ¼
e⊥ . The iso-frequency surface for the extraordinary (TM-polarized) waves propagating in such
a strongly anisotropic metamaterial is given by
kx2 þ ky2
k2
w2
þ z ¼ 2
e⊥
e∥
c
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set (Fig. 3B), and we extracted a Bell state fidelity
of 0.72, which demonstrates the production of an
entangled state. For t = tent = ð2Jp12 Þ = 160 ns (Fig.
3C), we see a similar state to t = 140 ns, but with
less weight in the single-qubit components of the
Pauli set. This state corresponds to the intended
CPhase of p, although the fidelity is slightly
lower than at t = 140 ns due to additional
decoherence. Finally, at t = p/J12 = 320 ns (Fig.
3D), where we expect the state to be unentangled,
we again see large weight in the 〈YI〉, 〈IY〉, and
〈YY 〉 components of the Pauli set, although the
bars are shorter than the Pauli set for t = 40 ns
because of dephasing of the qubits. We plotted
the entire Pauli set as a function of time (Fig. 3E),
which clearly shows the predicted oscillation
(Eq. 2) between 〈YI〉,〈IY〉 and 〈XZ〉,〈ZX〉, with
decays due to decoherence.
The two-qubit gate that we have demonstrated is an important step toward establishing a
scalable architecture for quantum information
processing in S-T0 qubits. Although a Bell state
fidelity of 0.72 is not as high as what has been
reported in other solid state implementations of
qubits (21, 27), there are easily implemented improvements to this two-qubit gate. State fidelity is
lost to dephasing from electrical noise, and decreasing the ratio tent /T2echo, where T2echo is the
single-qubit coherence time with an echo pulse,
is therefore paramount to generating high-fidelity
Bell states. Large improvements can be made by
introducing an electrostatic coupler between the
two qubits (28) to increase the two-qubit cou-

ð1Þ

Closed iso-frequency surfaces differing from a
simple sphere (such as an ellipsoid) can occur
in these metamaterials when e∥,e⊥ > 0 and
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e∥ ≠ e⊥ . On the other hand, an extreme modification of the iso-frequency surface into a hyperboloid occurs when the dielectric constants
show opposite sign (e∥ < 0 and e⊥ > 0). We
can design a metamaterial so that the dispersion
of the dielectric constants leads to an OTT in
the iso-frequency surface from an ellipsoid to a
hyperboloid.
The photonic density of states (PDOS) in the
metamaterial is related to the volume enclosed
by the corresponding iso-frequency surface (14).
Therefore, the topological transition from the closed
(ellipsoid) iso-frequency surface for e∥ > 0 to
an open (hyperboloid) iso-frequency surface for
e∥ < 0 (Fig. 1) results in a nonintegrable singularity accompanied by a change in the density
of states from a finite to an infinite value (in
lossless effective medium limit). This optical analog of the Lifshitz transition in metamaterials is
characterized by the appearance of additional

electromagnetic states in the hyperbolic regime,
which have wave vectors much larger than those
allowed in vacuum. Light-matter interaction is
enhanced because of the presence of these additional electromagnetic states, resulting in a strong
effect on related quantum-optical phenomena, such
as spontaneous emission.
The decay rate near a half space of a metamaterial for a dipole-like emitter is given by
(15–20)
G ¼ Gvac þ Gplasmon þ Ghigh−k

ð2Þ

where Gvac and Gplasmon are the decay rates due
to propagating waves in vacuum and the surface
plasmon polariton (SPP) modes supported by the
metamaterial, respectively, and Ghigh−k is the decay rate enhancement due to the high–wave vector states, which appear only beyond the OTT. In
the near field of the metamaterial, when d << l

m2⊥ Imðrp Þ
8ħd 3

ð3Þ

where m⊥ is the dipole moment of the perpendicularly oriented dipole, rp is the plane wave
reflection coefficient of p-polarized light (21),
and d is the distance of the dipole from the interface. In a hyperbolic metamaterial half space
where realðe∥ Þ < 0
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 jε∥ jε⊥
Imðrp Þ ¼
ð4Þ
1 þ jε∥ jε⊥
and for [realðe∥ Þ > 0], we have an elliptical dispersion with Imðrp Þ ¼ 0 (assuming no losses).
We thus introduce the topological transition parameter a ¼ Imðrp Þ, which is proportional to the
local density of electromagnetic modes and characterizes the emergence of high-k metamaterial
states. The effect of dispersive and lossy effective
medium dielectric constants on the topological
transition parameter (proportional to the spontaneous emission rate) is shown in Fig. 2A. Although the losses reduce the sharp transition to a
smooth crossover, the change in the iso-frequency
surface topology still leads to an enhanced spontaneous emission rate.
Metamaterials with opposite signs of the dielectric constants can be realized by using metaldielectric composites (22). We considered such a
composite consisting of alternating layers of silver (9 nm) and titanium dioxide (TiO2) (22 nm)
corresponding to a 29% fill fraction of silver.
Using the semiclassical theory of spontaneous

B

Normalized Lifetime

A

Ghigh−k ≈

Wavelength (nm)
Fig. 2. (A) Topological transition parameter (proportional to the local density
of states) near the topological transition wavelength as a function of the real
part of e∥. The sharp transition becomes a smooth crossover as losses are
increased. (B) Lifetime of emitters placed on a practical realization of the
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metamaterial consisting of alternating layers of metal (silver, 9 nm) and
dielectric (TiO2, 22 nm) corresponding to the 29% fill fraction sample. A
sharp reduction in the spontaneous emission lifetime is observed around
the transition wavelength.
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Fig. 1. OTT: The optical iso-frequency curve changes from a closed surface such as an ellipsoid to
an open hyperboloid.

the decay rate is dominated by the contribution
from the high–wave vector states (21):

REPORTS
emission (23), we calculated the lifetime for quantum dots (QDs) placed in the near field of this
metamaterial. Our simulation takes into account
nonidealities arising because of realistic losses,
dispersion, finite thickness of layers, sample size,
and the substrate. Even in a practical structure
(Fig. 2B), a clear modification in lifetime of the
emitter is expected as the system transitions from
elliptical to the hyperbolic dispersion regime over
the spectral range of interest. The transition occurs
because of the particular dispersion of coupled
plasmons, which contribute to lifetime decrease
only on the hyperbolic side of the transition (21).

Simulations carried out through effective medium
theory (EMT) show good agreement with the
prediction of numerical simulations (Fig. 2B).
To experimentally observe the signature of
the predicted OTT manifested through enhancement in spontaneous emission rate, we investigated a metamaterial structure similar to that
discussed above with multiple QD emitters positioned on its top surface (Fig. 3A) (21). The
dielectric constants of the constituent thin films
were extracted by using ellipsometry, and the effective medium parameters are shown in Fig. 3B.
This structure is designed to have e∥ ≈ 0 around

621 nm, which corresponds to the emission maximum of the CdSe/ZnS colloidal QDs used in the
experiment. The photoluminescence (PL) from
the QDs has a full width at half maximum
(FWHM) of ~40 nm, which allows investigation
of the phase space of both elliptical and hyperbolic dispersion regimes by use of the same sample. In order to isolate the effects of the nonradiative
decay and SPP-based enhancement in the radiative rate due to the metal, we also measured
the spontaneous emission rates of QDs on a
control sample that consisted of one unit cell of
the metamaterial (21).

Downloaded from http://science.sciencemag.org/ on May 24, 2021

Fig. 3. (A) Schematic of the metamaterial structure. (B) Effective dielectric
constants (real parts) of the structure determined with ellipsometry and effective
medium theory. The transition from elliptical to hyperbolic dispersion occurs at
621 nm. (C) Time-resolved photoluminescence data from QDs deposited on the
metamaterial, control sample, and glass substrate at 605, 621, and 635 nm.
www.sciencemag.org

Clear reduction in lifetime is observed over 30-nm spectral bandwidth when the
emitter is placed on the metamaterial. (D) Lifetime of the QDs as a function of
wavelength on metamaterial, control sample, and glass substrate. QDs on the
control sample and glass shows an increase in the lifetime with wavelength,
whereas on the metamaterial, a slight decrease in lifetime is observed.
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Fig. 4. The lifetime on the
metamaterial structures normalized with respect to the control
samples. The wavelength axis
has been normalized with respect to the transition wavelength
to compare the three samples.
Here, positive and negative Dl
correspond to hyperbolic and elliptical dispersion regimes, respectively. The samples with fill
fractions of 29 and 33% show
the OTT manifested through
sharp reduction in spontaneous
emission lifetime when crossing
over to the hyperbolic dispersion regime. On the contrary,
the sample with 23% fill fraction, which lies in the elliptical
dispersion regime, does not show
such a reduction in lifetime. The experimentally observed transition is in good agreement with the
theoretical prediction of Fig. 2B.

208

phase, with fill fraction of 33% (21). To make
any conclusions regarding the effect of the OTT
on the radiative lifetimes from the measurement
of the total decay rates, the contribution of the
high-k metamaterial states has to be distinguished
from nonradiative decay and the SPP-assisted
decay of the unit cell. Because the spacer and
first-layer environment of the QDs is the same in
the control and the metamaterial sample, we expected similar quantum yield dependence on wavelength owing to near-field interaction of the QDs
and the metallic structure. Thus, to account for
purely the contribution from the high-k metamaterial states to the overall lifetime change, we
normalized the QD lifetime on the metamaterials
with that on the control samples (Fig. 4). The
controls for the three samples are different and
correspond to the unit cell of each metamaterial
sample. To compare these three samples, which
have OTTs at different wavelengths, we normalized the wavelength with respect to the transition
wavelength, with positive and negative Dl corresponding to the hyperbolic and elliptical dispersion regimes, respectively.
We clearly observed a sharp reduction in the
normalized lifetime of the samples with 29 and
33% fill fractions that cross the transition wavelength, whereas the sample with 23% fill fraction,
which lies in the elliptical regime, did not show
this reduction. Whereas the combination of metal
losses and finite thickness of layers leads to a
smooth crossover, the signature of the transition
is clear from the reduction in the normalized lifetime in the hyperbolic regime. The difference in
the absolute value of the normalized lifetimes in
the two samples that show the transitions is due
to the differing fill fractions (29 versus 33%) and
associated difference in the dielectric constants.
Thus, the changes in the lifetime observed experimentally in these metamaterial structures can be
attributed to the increase in the photonic density
of states that manifests when the system goes
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Time-resolved PL measurements were carried
out on the metamaterial sample, the control sample, and the glass substrate (Fig. 3C) at the anticipated transition wavelength (621nm) and at
spectral positions on either side (605 and 635 nm).
The large change in the spontaneous emission
lifetime of the QDs on the metamaterial compared with the glass substrate is due to the excitation of the high-k metamaterial states as well
as the nonradiative contribution and the SPP
modes of the metamaterial. When compared with
the control sample, the metamaterial shows an
enhancement in the spontaneous emission rate by
a factor of ~3 at the transition wavelength and
~4.3 deeper in the hyperbolic regime (635 nm).
These enhancements are attributed to the high-k
metamaterial states. The overall reduction in the
lifetime of the QDs when compared with those
on a glass substrate is ~11.
The lifetime of the QDs increases as a function of wavelength on both the glass substrate
and the control sample (Fig. 3D). This is due to
the size distribution of QDs and the dependence
of the oscillator strength on the energy (24–26).
On the contrary, the metamaterial sample shows a
decrease in the lifetime as a function of wavelength and the shortest lifetime owing to coupling
to the high-k metamaterial states (Fig. 3D). The
coupling of the emission from the QDs into the
metamaterial states was also verified by using
steady-state PL measurements (fig. S6) in which
a reduction in the PL intensity emitted in the direction away from the metamaterial sample was
observed (21, 27).
To demonstrate the OTT, we studied the radiative lifetimes in three samples with differing
volume ratio of metal to dielectric, which correspond to different transition wavelengths. We
compared the lifetimes of the sample with 29%
fill fraction of silver to one with 23% fill fraction,
which lies deep in the elliptical phase, and to
another sample that lies deeper in the hyperbolic

through the topological transition in its isofrequency surface from an ellipsoid to a hyperboloid, which is in good agreement with the
theoretical prediction of Fig. 2B.
We have established the occurrence of OTT
in two metamaterial structures using spontaneous
emission from a quantum emitter as the probe.
Absence of OTT in a structure that lies solely in
the elliptical dispersion phase has also been demonstrated. A host of interesting effects can transpire at the transition wavelength, such as the
sudden appearance of resonance cones, which
are characteristic of hyperbolic metamaterials (28),
enhanced nonlinear effects, and abrupt changes
in the electromagnetic energy density. We expect
the OTT to be the basis for a number of applications of both fundamental and technological
importance through use of metamaterial-based
control of light-matter interaction.
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Ferroelectric Columnar Liquid Crystal
Featuring Confined Polar Groups
Within Core–Shell Architecture
Daigo Miyajima,1 Fumito Araoka,2 Hideo Takezoe,2* Jungeun Kim,3 Kenichi Kato,4
Masaki Takata,3,4 Takuzo Aida1*

F

switching displays, rewritable memories, and
nonlinear optics (1). For liquid crystalline (LC)
materials to operate ferroelectrically, a nonzero

Fig. 1. Schematic illustrations of the electrical polarization behaviors of ferroelectric liquid crystals (FLCs) with four different geometries. (A) and (B)
illustrate the behaviors of smectic-type FLCs consisting of chiral rod-shaped and
achiral bent-shaped molecules, respectively, whereas (C) and (D) represent those
of columnar FLCs composed of chiral discotic and achiral umbrella-shaped
molecules, respectively. Red and yellow arrows denote the directions of an applied electric field (E-field) and the resulting polarization, respectively. Chiral rodshaped molecules generate a layer polarization in the x-y plane. However, no
macroscopic polarization develops because such a layer polarization is canceled owing to its helical orientation with the helical axis along the z direction.
To develop a macroscopic polarization, a thin cell has been used so that an
www.sciencemag.org

16 January 2012; accepted 7 March 2012
10.1126/science.1219171

polarization at zero electric field (E-field), together with its electrical invertibility, is a prerequisite. However, this goal is difficult to realize,
particularly in dynamic molecular systems such
as LC materials, as once oriented electrically, polar motifs reorganize spontaneously at zero
E-field in such a way that their dipoles cancel each
other either macroscopically or locally. Although
FLCs with a smectic geometry (Fig. 1, A and B)
have been reported (2–5), most require cell
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Ferroelectric liquid crystals are materials that have a remnant and electrically invertible polar order.
Columnar liquid crystals with a ferroelectric nature have potential use in ultrahigh-density memory
devices, if electrical polarization occurs along the columnar axis. However, columnar liquid crystals
having an axial nonzero polarization at zero electric field and its electrical invertibility have not been
demonstrated. Here, we report a ferroelectric response for a columnar liquid crystal adopting a core–shell
architecture that accommodates an array of polar cyano groups confined by a hydrogen-bonded amide
network with an optimal strength. Under an applied electric field, both columns and core cyano groups
align unidirectionally, thereby developing an extremely large macroscopic remnant polarization.
erroelectric liquid crystals (FLCs) have
potential application in lightweight, easyprocessable electrical devices for fast-

Figs. S1 to S6
References (29, 30)

enhanced cell-surface effect unwinds the helical geometry as shown in (A).
Achiral bent-shaped molecules, which likewise generate a layer polarization in
the x-y plane, do not assemble in a helical geometry, so that a macroscopic
polarization develops as shown in (B). Columnarly assembled chiral discotic
molecules adopt a helical geometry, which generates a polarization in a perpendicular direction (x direction) to the columnar axis when the helical geometry
is unwound by means of a cell-surface effect as shown in (C). In contrast to (A)
to (C), columnarly assembled achiral umbrella-shaped molecules (this work)
generate a polarization along the columnar axis (z direction). Therefore, unidirectional orientation of such columns results in the development of a macroscopic polarization as shown in (D).
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Manipulating Optical Topology
Phase transitions in solid-state systems are often associated with a drastic change in the properties of that
system. For example, metal-to-insulator transition or magnetic-to-nonmagnetic states find wide application in memory
storage technology. An exotic electronic phase transition is the Lifshitz transition, whereby the Fermi surface undergoes a
change in topology and a drastic change in the electronic density of states. Krishnamoorthy et al. (p. 205) now show
that the notion of such a phase transition can be carried over to the optical regime by the suitable design of a
metamaterial structure. This effect could be used to control the interaction between light and matter.

